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Edited by Richard CogdellAbstract Melanopsin is a vertebrate non-visual opsin and func-
tions as a circadian photoreceptor in mammalian retinas. Here
we found the expression of two kinds of melanopsin genes in
the chicken pineal gland and identiﬁed the presence of ﬁve iso-
forms derived from these two genes. Reconstitution of the recom-
binant proteins with 11-cis-retinal revealed that at least two of
these melanopsin protein isoforms can function as blue-sensitive
photopigments with absorption maxima at 476–484 nm. These
values are consistent with maximal sensitivities of action spectra
determined from the physiological and behavioral studies on
mammalian melanopsins. The melanopsin isoforms found in this
study may function as pineal circadian photoreceptors.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
Keywords: Melanopsin; OPN4; Pineal gland1. Introduction
The rhodopsin family is composed of retinal visual pigments
and their related ‘‘non-visual opsins’’, the latter of which are
expressed in extraretinal tissues or non-rod non-cone cells in
the vertebrate retinas. Since discovery of pinopsin in the chick-
en pineal gland [1,2], a variety of non-visual opsins have been
identiﬁed in vertebrates [3] though the physiological functions
are unclear for most of them. Melanopsin, also called OPN4, is
one of the few non-visual opsins whose physiological function
was determined in vertebrates. Melanopsin was originally
identiﬁed in Xenopus dermal melanophores [4], where mela-
nopsin could mediate light-dependent dispersion of melano-Abbreviation: kmax, absorption maximum
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doi:10.1016/j.febslet.2007.10.019somes [5]. A series of studies using melanopsin-deﬁcient mice
revealed that melanopsin expressed in a small subset of retinal
ganglion cells in mammals is involved in light-resetting of the
circadian clock [6–9] and the pupillary light reﬂex [8–10]. Het-
erologous expression of mammalian melanopsin in cultured
cells or Xenopus oocytes endowed the cells with photosensitiv-
ity [11–13], demonstrating that melanopsin is a functional
photopigment. In direct measurement of the absorption spec-
trum, recombinant mouse melanopsin (OPN4) was reported
to be a violet-sensitive pigment with its absorption maximum
(kmax) at 424 nm [14], which is largely deviated from the
maxima of the action spectra for rodent melanopsins deter-
mined from physiological and behavioral studies (480 nm)
[8,15,16]. This disagreement could stem from experimental
artiﬁcial variation in spectrophotometric measurements due
to diﬃculty in retaining the recombinant melanopsin as a func-
tional form after solubilization. A more recent study on mela-
nopsin homolog in amphioxus, an invertebrate species that is
the closest to the vertebrates in phylogeny, showed its kmax
at 485 nm when it is expressed in HEK293S cells and reconsti-
tuted with 11-cis-retinal [17]. Many of these data suggest that
melanopsin is a blue-sensitive photopigment with its kmax at
480 nm, although no data are available for vertebrate mela-
nopsin’s absorption spectrum that is consistent with the results
of in vivo studies [8,15,16].
In the present study, we investigated the spectral property of
melanopsins, whose expression is detected in the chick pineal
gland. The chick pineal gland has been used as a good exper-
imental model for studies on non-visual photoreception be-
cause of its intrinsic photosensitivity that regulates melatonin
production as a physiological output [18]. The photic regula-
tion includes at least two signaling pathways; one pathway
leads to acute suppression of melatonin production possibly
through activation of heterotrimeric G-protein, transducin
(Gt), and the other shifts the phase of the intrinsic circadian
clock through activation of Gq-type G-protein, G11 [19,20]. Se-
quence similarity of vertebrate melanopsins to Gq-coupled
invertebrate visual pigments [21] (Fig. 1C) suggests that
light-activated melanopsin triggers the G11 pathway in the
pineal gland. Here we detected expression of ﬁve melanopsin
isoforms derived from two duplicated genes, cOPN4-1 and
cOPN4-2, in the chicken pineal gland. By reconstituting their
recombinant proteins with 11-cis-retinal, we demonstrate that
two of these melanopsin isoforms bind 11-cis-retinal and form
blue-sensitive but not violet-sensitive photopigments in vitro,
whose spectral sensitivity are very similar to those reported
in the physiological studies [8,15,16].blished by Elsevier B.V. All rights reserved.
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Fig. 1. mRNA expression, structural outline and phylogenetic relationship of chicken OPN4-1 and OPN4-2. (A) The mRNA expression of cOPN4-1
and cOPN4-2 in the pineal gland as well as in the retina was detected by RT-PCR. Note that the PCR for cOPN4-1 ampliﬁed two kinds of cDNA
fragments with diﬀerent sizes, which originated from mutually diﬀerent transcripts, cOPN4-1L and cOPN4-1S (see also Section 2). (B) Domain
structure of chicken melanopsin isoforms. Putative transmembrane domains (helices I–VII) are indicated by open boxes with roman numerals.
Chicken OPN4-1 isoforms, cOPN4-1L and cOPN4-1S, share a long common region (414 aa) including seven transmembrane domains and have
diverged C-terminal tails. Similarly, three isoforms of chicken OPN4-2 (cOPN4-2L, cOPN4-2S and cOPN4-2SS) share a common region (378 aa)
with diverged C-terminal tails. (C) The phylogenetic tree of melanopsins and Gq-coupled invertebrate visual rhodopsins inferred from the amino acid
sequences by the neighbor-joining method. Statistical signiﬁcance (%) is shown on each node. The deepest root node was determined by using the
sequences of chicken rhodopsin (GenBank accession number D00702) and scallop Go-coupled rhodopsin (AB006455) as outgroups.
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2.1. Isolation of chicken melanopsin cDNAs
Newly hatched male chicks (Gallus gallus) were purchased from a
local supplier and maintained in a 12-h light/12-h dark (LD) cycles
for ﬁve days. At the midpoint of the light or the dark period on theﬁfth day, the chicks were decapitated to isolate the pineal gland and
the retina. Total RNA was extracted from each of these pooled tissues
with TRIzol reagent (Invitrogen). After the treatment with DNase I,
the RNA was reverse-transcribed with SuperScript II (Invitrogen) by
using anchored (dT)16 primers and treated with RNase H. The ﬁrst
strand cDNA samples thus prepared from the tissues collected during
M. Torii et al. / FEBS Letters 581 (2007) 5327–5331 5329the daytime and nighttime were mixed with each other in order to cov-
er whole transcripts expressed in each tissue within the day. The cDNA
mixtures were stored at 80 C until use.
The pineal cDNA was subjected to PCR-based cloning of chicken
melanopsin cDNAs. When we started the present study, a sequence
for chicken melanopsin gene (termed cOPN4-1 in the current study)
had been already deposited in GenBank database (GenBank accession
number AY036061), but its expression pattern had not been character-
ized. Based on the sequence data, we attempted to isolate the cOPN4-1
cDNA expressed in the pineal gland by two kinds of PCR; one was to
amplify the 5 0-half of the coding sequence with a set of primers, 5 0-ATG-
GA TTTGA ACATG GGCAC-30 (forward) and 5 0-CAAGC ATATG
GAGAC CAGGA C-30 (reverse) while the other was to amplify the 30-
half with another set of primers, 5 0-CTTGGCCATAAGAAGTACTG
GC-3 0 (forward) and 50-TTATG ATAGA AATTT CTCAA CAG-30
(reverse). The 5 0-half PCR ampliﬁed a single product while the 3 0-half
PCR ampliﬁed two kinds of cDNA fragments (Fig. 1A), leading to iden-
tiﬁcation of the presence of two kinds of cOPN4-1 mRNAs, which en-
coded mutually diﬀerent isoforms, cOPN4-1L and cOPN4-1S (see
Section 3). The deduced amino acid sequence of cOPN4-1L was identi-
cal with those of the recently reported sequences, cOPN4x [22] and
cOPN4-a [23], while that of cOPN4-1S was with that of cOPN4-b
[23], except that the Val-81 in the reported sequences (cOPN4x,
cOPN4-a and cOPN4-b) was replaced with Ile-81 in cOPN4-1L and
cOPN4-1S. The PCR fragments in the 5 0 and 3 0 ampliﬁcation were
ligated to construct the full-length cDNAs for the functional expression.
In the database of chicken genome, we found another melanopsin-
like gene, termed cOPN4-2 in the present study, which showed a higher
similarity to mammalian melanopsin than cOPN4-1. The cOPN4-2
mRNA expression in the pineal gland as well as in the retina was exam-
ined (Fig. 1A) by the RT-PCR using a set of primers, 5 0-GAGAA
AGGCT GTGAG CTG-3 0 and 5 0-GAGAA TACCC AGCAA
AAGC-30, each of which contains an putative exon–intron boundary.
Then, the pineal cDNA described above was subjected to 5 0-RACE
and 3 0-RACE of cOPN4-2 using the gene-speciﬁc primers 5 0-GATCC
CCACG ATAAG AATGA C-3 0 for 5 0-RACE or 5 0-ATGAA TTCAG
TACCA GCTGT G-3 0 and 5 0-AGCTT CTGCC ATCCA TAACC-30
for 3 0-RACE. The 5 0-RACE ampliﬁed multiple sequences, all of which
shared the putative initiation codon and its downstream coding region
of cOPN4-2, while the 3 0-RACE identiﬁed three kinds of cDNA se-
quences. The obtained results predicted the presence of the three kinds
of transcripts, encoding mutually diﬀerent isoforms, cOPN4-2L,
cOPN4-2S, and cOPN4-2SS. This prediction was conﬁrmed by isola-
tion of the full-length cDNAs for the three isoforms from the pineal
cDNA by a series of PCRs using the following primer sets; 5 0-AATGA
CTCAG GAGCG ATTGC-30 (forward) and 5 0-TACCA CTGGA
GTCAG TTCTG-30 (reverse) for cOPN4-2L, 5 0-AATGA CTCAG
GAGCG ATTGC-3 0 (forward) and 5 0-GCTTC TACAT GTTGG
CCTTC-30 (reverse) for cOPN4-2S, and 5 0-AATGA CTCAG GAG-
CG ATTGC-30 (forward) and 5 0-GGCAT TGAGG AGTTT
GCTTG-3 0 (reverse) for cOPN4-2SS. The deduced amino acid
sequence of cOPN4-2L was identical with the recently reported
sequences, cOPN4m [22] and cOPN4m-a [24], while that of cOPN4-
2S was with cOPN4m-b [24].
The nucleotide sequences of all the ﬁve melanopsin isoforms were
deposited in the GenBank database. The GenBank Accession Nos.
are EU124630 (cOPN4-1L), EU124631 (cOPN4-1S), EU124632
(cOPN4-2L), EU124633 (cOPN4-2S), and EU124634 (cOPN4-2SS).2.2. Phylogenetic analysis
The amino acid sequences of chicken melanopsins were aligned with
those of other members in the rhodopsin family with the aid of CLUS-
TAL X [25] and CINEMA5 [26]. The phylogenetic tree was inferred
for the ‘‘core’’ region from the ﬁrst to the seventh putative transmem-
brane domain by the neighbor-joining method [27] using CLUSTAL
X, where statistical signiﬁcance of each cluster was evaluated by a
bootstrap analysis with 1000 replications. The amino acid sequences
used in the phylogenetic analysis were from GenBank database, and
their accession numbers are indicated in Fig. 1C (in the parentheses).2.3. Functional expression of melanopsin
The coding regions of cOPN4-1L, cOPN4-1S, cOPN4-2L and
cOPN4-2S were tagged with 8-amino acid epitope sequence (ETSQV-
APA) of anti-rhodopsin monoclonal antibody 1D4 at their C-termini,and were subcloned into a mammalian expression vector, pUSRa [28].
Human embryonic kidney (HEK) cell line 293T, which is a derivative
of HEK293 cell line and expresses SV40 T-antigen stably, was grown
in the D-MEM/F-12 (Invitrogen) with 10% fetal bovine serum
(JRH) at 37 C in 5% CO2 atmosphere. Each of the expression con-
structs for the melanopsin isoforms was co-transfected with that for
human b-arrestin 2 isoform 1 (GenBank Accession No. BQ882891)
to 293T cells by a modiﬁed calcium-phosphate method [29]. From 20
to 24 h after transfection, the culture medium was exchanged to the
medium containing 5 lM of 11-cis-retinal under a dim red light and
the cells were cultured in the dark for another 24 h. Subsequent proce-
dures were performed under a dim red light or in the dark. The cells
were collected in buﬀer P (50 mM HEPES-NaOH, 140 mM NaCl,
1 mM DTT, 1 mM EDTA, 4 lg/ml aprotinin, 4 lg/ml leupeptin,
1 mM PMSF, pH 6.5 at 4 C) and the membrane fraction of these cells
was isolated by ﬂotation in a stepwise sucrose gradient as previously
described [30]. The reconstituted proteins were extracted from the
membrane fraction with 0.4% n-dodecyl-b-D-maltoside in buﬀer P.2.4. Spectrophotometry
Absorption spectra were recorded with a Shimadzu Model UV-2450
spectrophotometer. The sample was maintained at 0 C by a reﬂux
condenser (Thermo NESLAB, model RTE-7 D1) and irradiated by
an orange light with wavelengths longer than 520 nm from a 1-kW
tungsten halogen lamp ﬁtted with an O-54 glass cutoﬀ ﬁlter (Toshiba).3. Results and discussion
3.1. cDNA isolation of chicken melanopsin isoforms
We detected expression of two diﬀerent melanopsin genes,
cOPN4-1 and cOPN4-2, in the chicken pineal gland
(Fig. 1A). During molecular cloning of the full-length cDNAs
(see Section 2), we found the presence of multiple mRNA vari-
ants encoding mutually diﬀerent protein isoforms from each of
the two genes; cOPN4-1L (with a long tail) and cOPN4-1S
(with a short tail) from the cOPN4-1 gene, and cOPN4-2L
(long), cOPN4-2S (short) and cOPN4-2SS (super-short) from
the cOPN4-2 gene (Fig. 1B). cOPN4-1L and cOPN4-1S were
identical to each other in amino acid sequence within the ﬁrst
414 residues (indicated in Fig. 1B) while having unique C-ter-
minal tails distinct from each other (Supplementary Fig. 1).
Like cOPN4-1 isoforms, cOPN4-2L and cOPN4-2S shared
the ﬁrst 378 residues (indicated in Fig. 1B) and had distinct
C-terminal tails (Supplementary Fig. 1). The other isoform,
cOPN4-2SS, had an extremely short C-terminal region
(Fig. 1B, Supplementary Fig. 1) like the shorter isoform of zeb-
raﬁsh VAL-opsin [31]. The inability of this shorter isoform to
bind 11-cis-retinal [31] suggests that cOPN4-2SS might be non-
functional. Furthermore, relative expression level of this tran-
script was quite low in the pineal gland, and hence we excluded
this isoform from the following analyses.
A phylogenetic analysis (Fig. 1C) revealed that vertebrate
melanopsin genes fall into two subfamilies [22], each of which
contains either cOPN4-1 or cOPN4-2 (Fig. 1C). Phylogenetic
relationship in this tree suggests that melanopsin gene was
duplicated in an ancestral vertebrate [22], and that cOPN4-1
and cOPN4-2 are paralogous to each other in the vertebrate
lineage.3.2. Photosensitivity of reconstituted melanopsin isoforms
To test if these melanopsin isoforms function as photorecep-
tive molecules, we attempted to overexpress each of the iso-
forms in a heterologous system and to reconstitute the
expressed protein with 11-cis-retinal. Repeated trials with
5330 M. Torii et al. / FEBS Letters 581 (2007) 5327–5331conventional methods of overexpression in mammalian cul-
tured cells, however, resulted in failure to obtain a detectable
amount of active opsins capable of binding with 11-cis-retinal
(data not shown). This could be at least partly due to their
unstable property. To stabilize the melanopsins, they were
co-overexpressed with b-arrestin 2 in HEK293T cells because
co-expression with b-arrestin was reported to enhance the
magnitude of light-evoked response of Xenopus oocytes heter-
ologously expressing mouse melanopsin [13]. In addition, the
culture medium was supplied with 11-cis-retinal in order to
regenerate melanopsins for stabilization (see Section 2). Irradi-
ation of the sample thus prepared for cOPN4-1S (Fig. 2A) orD
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Fig. 2. Light-induced spectral changes of reconstituted melanopsins.
The recombinant proteins of cOPN4-1S (A) and cOPN4-2L (B) were
heterologously expressed in 293T cells and reconstituted with 11-cis-
retinal. The reconstituted proteins were extracted from a membrane
fraction of the cells, treated with 10 mM of hydroxylamine for 2 h at
0 C, and then irradiated with an orange light (wavelengths longer than
520 nm) for 16 min (A) or for 2 min (B). The diﬀerence absorption
spectrum of cOPN4-1S (panel A) or cOPN4-2L (panel B) was obtained
by subtracting the absorption spectrum after irradiation from that
before irradiation. Similar procedures were performed for mock
transfected samples to evaluate photosensitive spectral components
that are endogenously present in 293T cells (mock). As for cOPN4-2L
(B), the spectrum was successively recorded ﬁve times each before and
after irradiation, and the ﬁve spectra in each set were averaged in order
to reduce the noise level. Inset, the diﬀerence spectrum of the mock
sample was subtracted from that of cOPN4-1S (A) or cOPN4-2L (B) to
obtain a genuine diﬀerence spectrum of each cOPN4 isoform. The
absorption maxima were estimated by ﬁtting the calibrated spectra at
wavelengths 450–700 nm to the templates (bold curves) described in
the literature [32].cOPN4-2L (Fig. 2B) with an orange light (>520 nm) in the
presence of hydroxylamine resulted in a signiﬁcant spectral
change in the blue while no spectral change was observed for
the sample of cOPN4-1L or cOPN4-2S (data not shown).
The resulting diﬀerence spectrum of cOPN4-1S had its maxi-
mum at 476 nm (Fig. 2A). A similar spectral change was ob-
tained for cOPN4-2L, showing its absorption maximum at
484 nm (Fig. 2B). In contrast to the kmax deviated into the vio-
let region (424 nm) for recombinant mouse melanopsin [14],
the kmax values determined in the present study are in good
agreement with the maximal sensitivities of action spectra
determined from several physiological experiments for mouse
and rat melanopsins in vivo (479–484 nm [8,15,16]). Our re-
sults together indicate that chicken melanopsin isoforms,
cOPN4-1S and cOPN4-2L, function as blue-sensitive photo-
pigments.
The present study demonstrated that the chicken pineal
gland expresses two kinds of melanopsin genes, both of which
encode multiple isoforms. It should be emphasized that this is
the ﬁrst direct measurement of blue light sensitivity of verte-
brate melanopsins in vitro, which agrees well with the spectral
sensitivities determined by the physiological and behavioral
studies [8,15,16]. The vertebrate melanopsin genes are com-
posed of two subfamilies, Opn4-1 and Opn4-2 (Fig. 1C), and
now we demonstrated that the protein products of the chicken
paralogues belonging to each subfamily are both blue-sensi-
tive. This observation strongly suggests that vertebrate mela-
nopsins should show blue light sensitivity in general despite
the divergence into the two types of their primary structures.
Sequence similarity of melanopsins to invertebrate Gq-coupled
rhodopsins (Fig. 1C) suggests that melanopsin can activate Gq-
type G-protein. Consistently, the melanopsin-mediated photo-
response in a heterologous system can be signiﬁcantly reduced
by inhibition of Gq/G11 signaling pathway [13]. Our previous
study on the chicken pineal gland demonstrated that activation
of G11 triggers phase-shift of the pineal circadian clock regulat-
ing melatonin production [20]. Together, it is suggested that
the functional melanopsin isoforms may trigger the G11-medi-
ated signaling pathway as circadian photoreceptors in the
pinealocytes.
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